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The Effects of Catalytic or Promoter
Oxides on The Brin Piiocess
JOHN

L.

MORIARTY, JR. 1

Abstract. Future generation high altitude aircraft will require logistics
independent, on-board oxygen generation systems. In an attempt to meet
this challenge the eighty year old Brin Process,

Bao

+ Y20,

750°0

BaO,,

~----

was re-examined using a laboratory breadboard model. The influence of
eighteen oxides as reaction promoters was studied and the results of forty
admixture experiments are evaluated. Observed behavioral trends can be
explained based on geometric and electrochemical factors. An equal molar
mixture of La,O, and BaO does lower the reaction temperature about
100°C, increases the reaction rate, and improves the oxygen yield. The
peroxide decomposition follows both first order and parabolic reaction
kinetics. Plausible mechanisms are advanced for the reaction enhancemen',s
which are noted with La,O, and MgO admixtures.

Man cannot live without oxygen. For this reason man has remained, except for all but the past few decades, a captive of his
environment on this planet. Presently, numerous enterprizes are
being planned or are under development which require men to
live under conditions completely isolated from our natural atmosphere, as on extended space travel, undersea laboratories,
hyperbaric medical chambers and high altitude aircraft cabins.
Solutions to the practical problems for maintaining life have become increasingly urgent. New and improved concepts of life support systems necessitate long-range research to establish the basic
principles and technical limitations involved.
Traditionally, satisfying the requirments for a reliable source of
breathing oxygen for aviators flying at high altitudes or under
adverse conditions have been met by providing a sufficient amount
of oxygen for each flight prior to take-off. Storage and maintenance
of quantities of bottled high-pressure or cryogenic oxygen on board
aircraft pose significant logistics and safety considerations. Of these
two methods the cryogenic or LOX system has gained the widest
acceptance, since it requires a lower weight and volume per unit
quantity of stored oxygen.
Of the many reasons which can be advanced for developing a
"next generation" oxygen system the major ones are, according to
Wyneen ( 1967) : to eliminate logistics and cost, and to provide
increased safety, reliability, aircraft versatility, and pilot comfort.
Oxygen Concentration Systems. A survey of the known methods
1
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for separating oxygen can easily be divided into physical and chemical processes. A comprehensive review of the plausible separation
procedures is beyond the scope of this paper. Various methods are
amply described elsewhere in the literature. There are numerous
workable schemes for preparing breathable oxygen, to name but a
few: electrolysis of water, solid electrolyte separation of carbon
dioxide, silver membrance air separation and micro-porous media
diffusion, metal chelate complexes, and solid oxide reversible reactions. For a number of years gaseous-diffusion processes have been
examined as methods with tantalizing implications. Although highly desirable, single-step complete separations remain elusive. Therefore, for the present study a chemical process was selected which
would conform with the established design requirements and operational conditions. Several solid oxide possibilities were screened and
the most suitable appeared to be the barium oxide-barium peroxide reversible reaction first observed by Boussingault in 1851.

The Brin Process. A natural consequence of Boussingault's discovery were many attempts to establish a commercial process for
oxygen production. Despite the chemical simplicity of the reaction,
many practical difficulties arose which remained unsurmounted
until the advent of the Brin Oxygen Company. Murray ( 1890)
fully described the Brin Process which operates at a constant temperature and relies upon a change in pressure for determining the
respective phases of oxidation and deoxidation.
Pressure

ki
Bao

+

t02

..,....-----

k2
Vacuo
This reliable commercial method for separating oxygen from air
was employed for nearlv twenty years until being replaced by the
Linde air liquification process.

...

Equilibrium and Catalysis. At a given temperature and pressure the rate of attaining an equilibrium condition is a constant.
Likewise, the position of the equilibrium is fixed. For practical
application of the Brin Process it is desirable to increase the forward reaction rate k 1 and also the reverse reaction rate k2, depending upon the pressure conditions. In addition, a reduction of the
temperature necessary to initiate these reactions would be advantageous. In terms of transition state theory this would mean a lowering of the activation energies or the free energy barriers. The
addition of a catalyst, according to the strictest definition of the
term, merely speeds the attainment of equilibrium and does not
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change the point of equilibrium. The maximum yield in a given
reaction cannot be changed by adding a catalyst, unless the amount
is sufficient to constitute a change in medium or it combines with
one of the products. From thermodynamic arguments, the change
in free energy which controls the equilibrium constant,
- D, F = R T In Keq.,
is dependent only on the initial and final states of the system, not
on the path or mechanism of changing from one state to another.
Hedvall ( 1918, 1919) carried out extensive work on the effect
of numerous oxides on the decomposition of barium peroxide. Nearly all of the oxides tested considerably reduced the decomposition
temperature and increased the rate of oxygen evolution. In particular, the oxides of cadmium, lanthanum, and cerium were reported
to act as "pure catalysts". In an investigation by Kendall and Fuchs
( 1921) an attempt was made to obtain systematic data on the dissocation of silver oxide, mercuric oxide and barium peroxide, as
effected by the presence of other oxides. It was reported that cupric
oxide, manganese oxide, and ferric oxide all lowered the decomposition temperature of the barium peroxide by nearly 500°C. These
findings, by the latter investigators, prompted speculation that if
the "promoter action" were truly as pronounced as the experiments
indicated, then the fascinating possibility arises of resurrecting the
Brin Process. In other words, the whole cycle of operations could
be carried out at ordinary temperatures. However, no additional
studies, of this kind, were ever published bv Kendall and Fuchs.
Apparently this appealing problem has remained unresolved for almost fifty years. As a consequence, the present study is an attempt
to determine if various refractory oxides do indeed behave as
catalysts or promoters under the cyclic opPrating conditions of the
eighty year old Brin Process.

•

EXPERIMENTAL

Materials. All purchased oxides, barium nitrate, and nitric
acid used during this investigation met minimum standards for
A.C.S. Reagent Grade chemicals.
Preparations. Barium oxide was formed by decomposing the
nitrate in fire clay crucibles at 850°C for four hours. The procedure
was similar to the one described by Murray ( 1890). Material balance calculations agreed with the theoretical values. The particles
are shown in Figure 1, as compared with commercial Ba0 2 powder.
There are several ways in which one can combine BaO or Ba0 2
with "catalytic" oxides. The following four procedures were used to
prepare experimental admixtures for examination.
I-Blended dry the proper mole ratios of Ba(NO,), and the soecific
oxide. Fired the mixture at 850°C to melt the nitrate, dissolve
the oxide and calcine the fused mixture.
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Figure 1.
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c

B

(A ) C ommercial BaO, powder, - 60 m esh ; (B ) BaO prepared
from Ba (NO,),, - Ya " to + 18 mesh ; ( C ) Porous BaO particle,
ax magnification .

II- Blended the proper mole ratios of Ba (NOs)2 and a specific oxide.
Dissolved the mixture in aqueous HNO, and boiled to a syrup.
Fired the resultant mixed or double nitrates to m elt and calcine.
Also used products of M ethod I as the starting materials.
III- Fused and calcined the Ba (NO,), alone. Physically blend
ed
dry
the resultant BaO with th e proper mole ratio of a specific oxide.
U sed both fin e powders and lump BaO .
IV- Blend ed dry the Ba( NO, ) , and the proper mole ra tio of the
specific nitrate corresponding to the desired oxide. Fired to fuse
and decompose th e mixed nitrates.

Apparatus. A flow diagram of the laboratory breadboard apparatus used for the collection of oxygen yield data is shown in
Figure 2. The source of reaction gas was compressed air. The reaction chamber (tube ) was heated in a Lindberg H evi-Duty furnace operated in the vertical position, with the reaction air being
introduced at the top of the reaction tube. The oxygen yield p er
unit time was totalized with a Precision "wet" test meter. The
purity of the evolved oxygen was determined with both a M edScience Electronics Model 300 AR Nitralizer and a Beckman Process Oxygen Analyzer Model 778. Vacuum was monitored with a
standard Florsdorf Type McLeod Gage and pressure was measured
on a compound gage.
Procedu re. Experiments with pure BaO and the prepared admixtures were conducted in the following manner. R egular form
particles of selected size were arranged in a 6 ~ " long fixed bed
uniform heat zone in the reaction tube. In the m ajority of experiments the ensuing conditions p revailedSample W eight
Inlet Pressure
Inlet Stage Time
Outlet Bleed Air
N z Purge Time
Yield Stage Time

0.1 to 0.2 lbs.
100 to 125 psig
70 seconds
6 L / minute
3 seconds
60 seconds

~I
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Brin Process labora tory breadboard fl ow diagram. Solid line is
inlet air path, dotted lin e is nitrogen purge path, and dashed
line is pure oxygen path.

Temperature Range

400 to 800°C
(in 50° steps, held one
hour at each level ) .

In a few instances, experiments with 100 % BaO were run in a
somewhat larger prototype reaction tube fitted with a dual exhaust
system.
Radiography. Radiography was used to check reaction bed
characteristics such as: texture, stability, compaction, and sintering.
Photo plates were made of the reaction tubes before a nd after
experiments.
X-ray Diffraction. A basic Norelco X-ray generator and diffractometer were used to prepare strip-chart traces of selected admixtures. Interpretation was based on analysis of known compound "d"
spacings as compiled in the A.S .T.M. Index ( 1966 ).
Th ermogr avim etric Analysis. A series of selected samples were
examined on a suitably modified Cahn Micro-balance. Precise
measurements of temperature ranges and rates of decomposition
reactions were recorded.
RESULTS

The oxygen yield data displayed in Table 1 were calcu lat ed
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Table 1
Oxygen Yield Data Over the Temperature Range 760-800°C'
Sample
Designation
No.
Oxide Yield
1 100% BaO A-2.00
B-1.95
C-2.00
2 2:1 La,O:i
1.84
2.2
3 1:1 La,O,

Preparative Method
II

%
Purity Yield

%

III

4 1:1
5 3:1

MgO
Fe,O:i

2.2
0.58

6 1: I
7 1: I

CoO
CuO

0.65
0.31

94
65

w
w

-0.15
-0.79

CdO
SiO,
Ce02
AJ,O,
ZnO
NiO

0.46
0.23
0.62
0.41
0.54
0.44
1.98

95
43
95
28
46
69
93

w

-1.37

56
60 DP-0.82
DL-0.49
P0-1.15
89

w
w
w

-1.25
-1.13
-0.81
-1.28
-1.23
-1.29

67
25
34
33
56
70

1.33

93
42
34
80
84

1: I
1: 1
1 :1
1: 1
1: 1
1: 1
1: 1
1: 1
4:1
1: 1
1: 1
2:1
1 :I

Cao
SrO
Ag,O
MnO,
PbO
HgO
Na,O,

w
w
w

0.77
0.51
2.09
l.36

IV

Purity Yield Purity Yield

95
96
96
98
97 WA *-2.0
WB*-2.4
WC*-3.2
97 w -1.24
78 W -0.12

8
9
10
11
12
13
14
15
16
17
18
19
20

%

92
95
96
86
50

DP-0.24
DL-1.4
P0-1.63

76
85
45

DP-0.59
DL-0.72
P0-1.14

37
95
97
78
94
92

DL-1.12
DP-1.01
DP-0.48
DL-1.07
DL-1.25

%

Purity

MN-0.69

69

MN-0.27

35

MN-1.30
81 MN-1.22
80
26
93
87

82
70

Note-Oxygen Yield is in cu.ft./lb./hr.
At temperatures above 800°C nearly every reaction bed sintered.
* Specif~c Volume for 3WA, 3WB and 3WC ranges from 70 to 100 cu.in./
lb. while for the rest of the samples it is from 15 to 30 cu.in./lb.
W=Wet preparation,
DP=Dry powdered BaO,
DL-Dry lump BaO
PO=Purchased BaO, powder,
MN=Mixed nitrates calcined

1

using the total admixture weights; not corrected to 100% BaO. Almost all of the oxides tested produced deleterious effects on the
Brin Process, despite the reports of the earlier workers that foreign
oxides substantially lowered the BaO" decomposition temperature.
An examination of Table 2 reveals the reason for the adverse
effects on the BaO-BaOc reaction caused by the majority of the
oxides tested. Usually reaction terminating compounds (double
oxides) were formed between BaO and the foreign oxides. How-

https://scholarworks.uni.edu/pias/vol77/iss1/51

6

Moriarty: The Effects of Catalytic or Promoter Oxides on The Brin Process
[Vol. 77

IOWA ACADEMY OF SCIENCE

366
;-'
0

N

4.0

<l)

0
0

3.0

2.0

:r:

'cri

_J

'>-'

LL

:S

u

1.0
.9
.7
.6

.5

e -

IA

a - 2
.4

.3

6

- 3

x

-

0 •

3WC

I Be. IC

-4

RUN

.2

125

.I .90 .92

.94 .96

.98

PSIG

1.00 1.02 1.04 1.06 1.08 1.10
1.16 1.12

1.14

'

10'/T °K
Figure 3.

Total Oxygen Yield vs. Temperature.
(log 02 yield vs. 10'/T °K)

ever, in the case of Ag 2 0 and HgO these oxides were chemically
reduced, and free silver and mercury metals resulted. Conditions
were unfavorable for reforming the respective oxides during the
oxidation stage.
In Figure 3, a plot of log 0 2 yield versus the reciprocal of reaction temperature shows that in only a limited number of experiments is a significant enhancement of the Brin Process observed.
That is, at equivalent or lower reaction temperatures oxygen yields
and corresponding purities exceed those for a comparable experiment using 100% BaO ( lA). An admixture of 1: 1 BaO to La20,
(3WC) does reduce the reaction temperature about 100°C without
adversely effecting yield or purity. However, this may have been
caused by the increased specific volume and a consequent increase
in surface area. In the case of a 1 : 1 mixture of BaO and MgO only
at temperatures above 800°C does an increased yield occur.

The extent of the reaction
in Figure 4. The related rates
3 > lB> 4 > 2 > lA. Three
only pure BaO ( lA, lB, and

Published by UNI ScholarWorks, 1970

(a) /cycle versus time is displayed
for the six experiments are: lC>
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variation in desorption conditions. To accomplish a rapid oxygen
removal it is important to provide an open molecular pathway,
large cross section to bed length ratio, and several exhaust ports.
Furthermore, maintenance of a substantially lowered exhaust pressure aids in improving the yield rate. A 1 : 1 mole ratio of BaO to
La 2 0 3 has a greater yield rate than either a 2: 1 mole ratio of these
same oxides or a 1: 1 mole ratio of BaO to MgO.
Figure 5 shows the total yield of oxygen per cycle versus time.
The relative yields for the experiments are listed in decreasing order: 3> lA> 4> 2> lC> lB.A comparison of the th!'ee experiments involving pure BaO shows the significance of the pressuretime product. Statistically, a larger number of molecular collisions
with an active surface over a longer period of time should result
in a larger amount of BaO reacted to form Ba02. This then represents a larger quantity of available oxygen "on-the-bed" which
ultimately determines the total yield per cycle under the given
conditions of vacuum, bed geometry, exhaust ports, etc. This does
not explain the differences observed between the admixture oxide
experiments, although the 1 : 1 mole ratio of BaO to La203 does

https://scholarworks.uni.edu/pias/vol77/iss1/51

8

Moriarty: The Effects of Catalytic or Promoter Oxides on The Brin Process
IOWA ACADEMY OF SCIENCE

368

.08
.07

e -

IA

a -

2

"

3

-

0 -

IB

®

-

IC

•

- 4

[Vol. 77

.06
a:i

.05

_J

....
LL

::i
0

.04
.03
.02
.01
0 ~0----1•0---2""-o---3~0---4....
o--~s~o---6~0--

T 1ME1sEc.1
Figure 5.

Oxygen Yield per Cycle vs. Time.

out perform all of the others.
In order to optimize the Brin Process, from an engineering point
of view, it is necessarv to consider "trade-off" possibilities which
now become extremely important. Albt:'it this topic is beyond the
intended scope of this paper it should be mentioned. Minimizing
the reaction bed weight and at the same time maximizing the overall oxygen yield is critical. This depends upon judiciously selecting
the proper number of cycles per hour based on the yield per cycle.
And this is partially determined by the time durations of the inlet
and yield stages and also, by the physical arrangement of the
apparatus.
DISCUSSION

General. As a direct consequence of the laws of thermodynamics it follows that in every chemical reaction the product species
seeks the iowest stable energy state. They will always follow some
path which will permit the largest negative free energy change. In
the present investigations a number of factors almost certainly contribute to the configuration of the final energy states. These factors
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include: relative ionic size, co-ordination geometry, crystal habit,
electronegativity, heats of reaction, free energy of formation, etc.
Ideally, one would like to predict a priori which oxide, in what
quantity, will promote the Ba0-Ba0 2 reaction at the lowest temperature with the greatest oxygen yield. The difficulty in deriving
a suitable mathematical expression describing the final condition of
each product species lies in assigning proper weighting coefficients
to each of the influencing factors.
It is, for example, reasonable to assume that if solid solubility
occurs between BaO and a refractory oxide, the size of the respective cation relative to that of Ba+ 2 is undoubtedly important, in
addition to a knowledge of the crystal structures. Likewise, the
variation in chemical character relative to the barium ion might
also be a contributing factor in determining reactivity, i.e. basicity
and electrochemical differences. Thermal effects and relative stabilities could be indicators of behavior when terminal compounds
form. Therefore, a comparison of known physical parameters and
chemical characteristics with the observed empirical results should
be revealing.
Dietzel ( 1942), Vorres ( 1965), and Trevyatskii and Lapa to
( 1964) have been moderately successful in applying approximate
correlations of simple geometric and electrochemical factors in
estimating ceramic oxide phase diagrams. Recently, in an extension
of this work Moriarty ( 1970), using a three dimensional model,
has related the behavior exhibited by BaO-refractory oxide systems
to the degree of deviation in ionic size, electronegativity, and ionic
field strength. The model successfully correlates with and verifies
the results recorded in Table 2.
It turns out that although the sizes of the La+" and Mg+ 2 ions
are quite diverse, the electronegativities and the ionic field strengths
associated with the two respective oxides are nearly equal. Examination of these three parameters provides an empirical insight into
the conditions necessary for the formation of mixed oxide crystals
with BaO; a condition which is favorable to catalytic activity. In
manner of verification, Barry and Roy ( 1967) found no compounds
to occur between La 2 0:i and BaO. Schwarz and Bommert ( 1964)
stated that BaLa 2 0 4 (rhombic crystal structure) will not form below 1350°C, a temperature considerably above those of experimental interest in the present study. To date no double oxides of
barium with magnesium have been reported, only mixed crystals.
Decomposition Kinetics. The decomposition of barium peroxide
follows both first order and paraholic reaction kinetics, Figure 6
(top) shows a plot of log ( 1 - a) versus time for the six experiments examined in the previous section. Since (a) is the extent
of reaction, the rate constant (k 1 ) is proportional to the concentration of oxygen on the bed ( 1 - a) at any given instant. In the
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Table 2
690 Analysis and X-Ray Diffraction Results
Thermogravimetric
TGA Decomposition Final
X-ray Diffraction
Sample
50% Decomp.
Designation Start
Finish Color
No.
Oxide (Temperature °C)
Major Phase
Minor Phase
·------------------~

IA

Bao,

550

770

Bao, 660
La,o, 575
La,O, 330
580
3WA*"
370

725
645
670

820

3WB"

IB

725

gray Bao,

La,O,?

770

white Ba02, La,O,

Ba(OH), &
La(OH),

625

780

Bao,, La,O,
La(OH),

360

625

760

whiteBa(NO,), &
Ba( OH),
white Ba( NO,), &
La,O,

400

710
745

760

cream BaO, & La,O,

830

white Bao,, MgO &
Ba(NO,),

2 2:1
3 I: I

3WC"
4 I :I
5W 3:1
6W !:!
7 I: I
8 I: I

MgO
Fe,O,

No Weight Loss

CoO Slight Weight Loss
CuO
CdO

600
675

850
870

10 I :I

CeO, Slight Weight Loss

12 !:!
13 I: I

ZnO Slight Weight Gain
NiO
No Weight Loss
CaO 530
690
820
Ag,O
710
850

14 I: I
16500
4:1
17 I: I
18 I: I
19 2:1
20 !:!

gray Bao,
gray Bao,

Mn02 Slight Weight Gain

Bao, Bao, &
Ba(OH), • H,O
Ba(OH),•H,O
Ba( OH),• H,O

black BaFe120rn?
black BaCoO,

BaFeOa, BaO
BaO?, BaO,?

gray Unknown
gray Unknown &
tan CdO
cream BaCeO,

CuO, BaO?
Ba(N0,)2?

BaO,?
tan BaZnO,•xH,O? Ba(OH),• H,O

gray Ba,NiaO,

BaNiO,?, BaO,

white Ba(OH), • H,O
light Ba(OH),•H,O
tan

CaO

green BaMnO,
Slight Weight Loss brown BaPbOa
HgO 480
730
850
white Ba(OH), • H,O
Na,O, 480
660
940
whiteBa(OH),•H,O

Ag?, Bao,?
MnO?, BaO,?

PbO

HgO?, BaO,?
Na,O?

*Note-W, means wet preparation II

first order reaction stage as the high concentration of oxygen available near or in the surface decreases, so likewise does the oxygen
yield rate. The first 20 to 30 seconds of the yield is probably comprised of oxygen from both Ba0 2 dissociation and that adsorbed in
the surface layer of the porous bed.

.

The graph at the bottom of Figure 6 shows a linear plot of
( 1 - a) versus the square root of time. The rate constant (k 1 ) is
independent of concentration and decreases as time increases. This
behavior is characteristic of a parabolic rate or a diffusion controlled mechanism. For the last 20 to 30 seconds the yield per cycle
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Parabolic reaction rate.

is dependent upon the rate at which oxygen can diffuse out of the
porous structure of the bed and out of the reacting crystal lattice.
Blumenthal (1937) studred the kinetics of dissociation of pure
BaOe, he observed a parabolic rate, existence of a solid solution of
the oxide in the peroxide, and an activation energy of 48 kcal. Also,
Russian investigations, as reported by Vol'nov ( 1966), state that
variations in decomposition pressure indicate the formation of solid
solutions, an estimated apparent activation energy for dissociation
is given as 45.8 kcal.
Mass Transport Dynamics. Dacey (1965) has analyzed the
importance of gas adsorption dynamics and surface diffusion in
porous body catalysts. When a gas molecule strikes a surface it may
reflect specularly, leaving with the same velocity as it approached.
More often a molecule striking the surface will lose its velocity and
remain on the surface for a finite time. The ratio of nonspecular to
specular collisions is known as the accommodation coefficient, and
is a property of the surface and the gas combined. In order to leave
the surface a molecule must possess vibrational energy in the bonding direction greater than the strength of the bond. The average
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adsorbed life is related to the heat of adsorption by the equation:

T oeQ/RT.

T

where I 0 is a property of the surface related to the frequency of
vibration of the atoms in the solid. Thus, the mean adsorbed life
will depend on the bonding energy and the temperature of the system. Longer adsorbed lin'S are typical of chemisorption where
bonds are stronger. Shorter lives indicate rapid exchange between
gaseous and adsorbed states characteristic of physical adsorption.
Figure 7 shows in a stepwise fashion what probably takes place
during one cycle of the Brin Process. During the inlet stage air
molecules transfer from the bulk gas phase to an active surface
and are chemisorbed (A). \Vhen the pressure of the gas over it is
increased, the surface becomes increasingly covered with adsorbed
molecules. A colliding molecule may now arrive at a part of the
surface already covered and its behavior will be different from
when it is colliding with an uncovered surface. The accommodation
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A IR
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@
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®BOUNDARY ADVANCE
Figure 7.

Mass transport dynamics, A- Bulk phase - Active surface, BSurface and pore diffusion, C- Intrinsic surface reaction, DInternal diffusion, E- Boundary advance.
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coefficient, average adsorbed life, and heat of adsorption change as
multilayers begin to form.
As seen at ( B) surface or lateral diffusion undoubtdely takes
place, in addition to pore diffusion. The adsorbate molecules form
a monolayer and then second and third layers, etc. There is a
tendency toward liquid-like flow through the porous solid. Assuredly, one complete uniform layer does not form over the entire surface
before other layers begin to build up.

...

At the same time there is an intrinsic surface chemical reaction
occurring (C). Oxygen from the air unites with BaO to form
Ba02; as this reaction progresses a two phase region appears between pure BaO and pure Ba0 2 • As internal diffusion of oxygen
proceeds (D) and the 100% Ba0 2 region grows, to a finite width
(\,Y), quite naturally a concentration gradient results across the
two phase field. The process of phase boundary advance (E), with
the accompanying crystal structure change, continues as long as
enough newly arriving oxygen molecules are chemisorbed and a
sufficient thermal activation energy is maintained .
When the inlet air pressure, above the reaction bed, is suddenly
reduced to < 2 psia the Ba0 2 decomposition stage begins. A reverse
process now occurs and oxygen diffuses out of the lattice ahead of
the advancing pure BaO phase boundary. At the surface oxygen
molecules desorb and diffuse out of pores leaving the bed. transferring into the bulk gas phase.

Proposed Catal;,tic Mechanisms. Of primary importance when
thoroughly investigating any chemical reaction is a knowledge of
the internal mechanism(s). Coughlin (1967) presented some of
the broad principles involved in heterogeneous catalysis and explained the problems encountered in elucidation of mechanisms. It
should be stated at the outset that our detailed understanding of
the intimate mechanisms of chemical reaction is far less precise
in the case of the general heterogeneous catalytic reaction than in
the case of the general homogeneous catalytic reaction. The reasons
for this lie in the fact that the nature, properties, and concentrations of the chemical species are far more accessible to experiment
when all are present within a single homogeneous fluid phase. The
same cannot be said of the constituents of adsorbed species or the
constituents of solids which play a major role in heterogeneously
catalyzed reactions. Therefore, in principle homogeneous catalysis
is far more tractable than heterogeneous contact catalysis.
It is intuitively clear that for heterogeneous catalysis to occur,
chemisorption must perturb the adsorbate molecule somewhatbut not to the extent of forming an extremely strong bond with
the surface. In the latter instance one would expect further reaction to be energetically unfa\·orable if the strongly adsorbed mole-
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cule is a reactant; an extremely strongly adherent reaction product
such as BaO, does form in the Brin Process. However, oxygen
atoms or ions must be free to migrate (diffuse) through the lattice
at least to a depth of several unit cells. There seems little doubt
that the broad unifying theme of catalysis is electronic, at least
from the point of view of understanding mechanism and explaining fundamental action. Geometric factors are also of importance
not only with regard to the lattice structure of the solid crystallites
in a catalytic admixture, but with reference to pore structure of the
granular bed as well. Except for the lauer, most geometric factors
may be considered to be electronic in nature.
Even though a complete description of the activated complexes,
all chemical intermediates, and free energy levels is lacking, it is
felt that the favorable influence exhibited by the refractory oxides
La 2 0 3 and MgO involves contact catalysis and solid solubility. The
presence of water as a necessary catalyst was introduced by Hildebrand ( 1912) . The complete equilibrium was written as follows:
Ba02 + HzO = Ba(OH) 2 +

1 02

= BaO + H20 +

t

02.

'

In addition, it was stated that the oxide was soluble to a limited
extent in the peroxide; this was also indicated in the review by
Vol'nov ( 1966) . Kazarnovskii ( 1959) investigated the barium
oxide oxidation reaction using the heavy isotope of oxygen (0 18 ).
The influence of water as again explained by the formation of
Ba(OH) 2 which undergoes a dehydration according to the equation:
BaO

)

+ H,Q

1~

-OH

-+-

OH0*2

Ba+2_0H + 20*2 = Ba+"-+-= Ba+2

(0)-2
I + H20 * + 3/2 02 * .
0

OH0*2

Referring to Table 2, it is noted that X-ray diffraction evidence is
prevalent for the existence of Ba(OHh·H 20 in our experimental
admixtures. It appears highly probable that the hydroxides, including La(OH) 3 , do assist in the transfer of oxygen from the active
surface into the lattice where reaction continues.
It is now obvious that any discussion of gas-solid reactions is
severely limited by paucity of information about the detailed mechanism of (a) the chemisorption step and (b) the way in which the
reacting species are transferred into the solid phase. In particular,
such questions as whether diatomic gases necessarily dissociate
during chemisorption, whether 0 2- and o- occur as intermediate
species in the formation of 0- 2 and, if so, at what stage, remain
largely unanswered. The answers that may be applicable to reaction
on a perfectly bare metal surface may be inapplicable to reactions
of molecular oxygen on the surface of a metallic oxide as in the
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present study. Gardner ( 1950) suggests the need for "active" centers in oxides.

"'

Polymorphism of pure rare earth sesquioxides was studied under
equilibrium conditions by Warshaw and Roy ( 1961) and comparison data from several investigators are given. Three polymorphic
forms are known to exist: A-type is a hexagonal high temperature
form, B-type is monoclinic and stable at moderate to high temperatures, and C-type is cubic and usually stable at lowest temperatures. Lanthanon sesquioxides with the so-called C-Type structure behave essentially like a fluorite structure and form complete
ranges of solid solution with the fluorite-type oxides M0 2 (e.g.
Ce02 and U02).
Lohberg (1935) prepared C-type La 2 0 3 and Nd 2 0:i by gentle
heating ( 450°C) of the respective nitrates. Bommer ( 1939) confirmed the existence of C-type Nd 2 0 3 • The lattice parameter for
0

La 2 0.1 was reported as_..'.:..= 11.4 A. In 1947, Iandelli heated a
number of sesquioxides to obtain approximate transformation temperatures. He obtained C-type La 2 0 3 and Pr 2 0 3 below 600°C, but
the former always consisted of a mixture of C- and A-type structures. The Type-C (bixbyite) structure, is derived from the fluorite
structure by the removal of one-quarter of the oxygen ions from
certain ordered positions. The production of group anion vacancies
yields a space group of lower, but still cubic (b.c.c.) symmetry.
Figure 8 depicts the (La 2 0 3 )c structure at (A) as being made-up
of eight slightly distorted fluorite unit cells from which four groups
of four anions have been removied (open circles at site "a").
Anderson and Gallagher ( 1963) , in considering the possible
oxygen adsorption sites on Pr 2 0 3 have shown that the amount of
oxygen chemisorbed per unit surface area is greater on material of
type-C than on material of type-A. The difference being attributed
to the high concentration of anion vacancies in the former. The
La 2 0 3 type-A structure has a close packed atomic arrangement in
which neither interstitial sites nor anion vacancies are available to
reacting oxygen ions.
There are three different kinds of position (defined as points
of minimum potential energy) that chemisorbed oxygen may occupy in ( La 2 0,,) c· The three types of surface positions are seen
pictorially in Figure 8. (a) Anion vacancies inherent in the type-C
structure and exposed in the surface layer. Occupation of these
completes the fluorite matrix of the exterior layers. (b) Octahedral
interstices inherent in both the type-C and fluorite structures. ( c)
Positions above the surface cations, which are extensions of the
oxygen framework of the fluorite lattice of the oxide. Based on
purely electrostatic forces operating, the gain in energy from transfer of an oxygen atom from the gas phase to one or other of the

https://scholarworks.uni.edu/pias/vol77/iss1/51

16

Moriarty: The Effects of Catalytic or Promoter Oxides on The Brin Process
[Vol. 7i

IOWA ACADEMY OF SCIENCE

376

...

0
LA203

l/9

UNIT CELL

C-TYPE sec

CAF 2 LIKE

"BIXBYITE"

®
©
EPITAXIAL
Figure 8.

8A02
TETRA - CAC 2 TYPE

l:3A Q
Fee - NACL TYPE

GROWTH

Proposed catalytic mechanism with epitaxial growth, A- La,O,
on, B- BaO, on, C- BaO. Three favorable catalytic sites on
La,O, are sPen at a, b, and c.

three kinds of sites would be expected to decrease in the order (a i,
(b), ( c) and this would give the sequence of occupation in
(La20:i) «·
It is here proposed that the C-type structure is ·'stablized" at
temperatures up to 800°C and that it is epitaxially aligned with
Ba0 2 and BaO. Struckturbericht ( 1931) lists BaO as f.c.c. with
0

the NaCl structure type, a =

5.539 A. The NBS Circular 539

( 1964) re-ports Ba0 2 as tetragonal possessing the CaC2 structure
type with a

=

0

0

5.396 A and c = 6.851 A. All of the lattice para-

meters appear very compatable with one another. With only a
slight lengthening of one axis and a shortening on the other, BaO
nicely accommodates the conversion to Ba0 2 • Therefore, it seems
quite reasonable that such a mc-chanism could rc-adily operate in
the reversible Brin Process.
Following the same general trend, an argument can be put
forth explaining the behavior of MgO. Since MgO is isotypic with
0

BaO and has a f.c.c. NaCl lattice (a = 4.213 A) it could, with
some distortion, fit epitaxially on Ba0 2 like La 2 0,1 C-type. Although the (a) chemisorption sites are not inherent to MgO, the
(b) and ( c) positions arc a\·ailable. From a theoretical view point
.I'
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then, MgO might be expected to behave like La 2 0 3 , but not as
effectively, in the Brin Process reaction. This is precisely the situation which is experimentally observed, and which has already been
discussed in the preceeding Results section.
It remains for future more sophisticated experiments, (LEED)
Low Energy Electron Diffraction and Auger Electron Emission, to
verify these proposed mechanism ( s) . One should be able to observe
with these new studies: substrate atoms, surface reconstruction, layering changes during chemisorption, surface migration (diffusion) ,
dissolution into the bulk solid, and epitaxial crystallite growth.
Microgeometry (e.g. pore structure) should be studied in parallel
using high resolution electron microscopy.
CoNcL1·s10N
It is evident that it is not yet possible to specify with certainty
a particular catalyst which would be expected to accelerate a particular chemical reaction. The experimental evidence accumulated
here supports the conclusion that the reversible Ba0-Ba0 2 reaction
is not, in general, substantially improved by the employment of
foreign oxide additions. Although La 2 0 3 and MgO do increase the
oxygen yield rate during Ba0 2 decomposition, we have seen that
the physical arrangement of the reaction bed and rapid evacuation
procedures are also critical.
A twofold criterion apparentlv must be met before a foreign
oxide can act to enhance or catalvi'e the reaction. The cation of the
oxide in question must simultaneously satisfy, within specific limits,
the requirements of the electrochemical factors mentioned earlier:
elcctronegativity and ionic field strength. Electronegativity is the
tendency of an atom to attract electrons to itself. Fundamentally,
ionic field strength may be considered as the potential of a cation
to surround itself with anions in lowest coulombic configuration.
The field strength value is a measure of this potential. It appears
that the cation of a given oxide must possess an En value from
about 1.10 to 1.30, and at the same time an IFS value from about
0.460 to 0.620, for the oxide to be considered favorably effective.
It turns out that all of rare earth or lanthanide series +3 valent
cations lie within these ranges.

In isotope exchange studies Sokolovskii, et. al. ( 1968) showed
that a portion of the La 2 0:i oxide lattice (less than one monolayer)
exchanged \Tl}' rapidly; one oxygen molecule exchanged for two
oxygen atoms on the surface. Further, the surface catalytic activity
of Gd 2 0, was observed to be greater than that of LaeO:i. Consequently, several rare earth sesquioxides (NdeO:i, Pr203, Gd20:i,
and Y 2 0:i) which possess a stable C-type structure and lie within
the proper En and IFS regions. should conceivably lower the reac-
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tion temperature and increase the oxygen yield rate of the Brin
Process. It remains to be seen if these selected oxides do indeed
behave as one would predict, and if they do, what degree of improvement is realized.
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